The temporal variability of the atmosphere through which radio waves pass in the technique of differential radar interferometry can seriously limit the accuracy with which the method can measure surface motion. A forward, nested mesoscale model of the atmosphere can be used to simulate the variable water content along the radar path and the resultant phase delays. Using this approach we demonstrate how to correct an sitting within the analysis version of a global numerical model that is used to initiate the simulation. Using the high resolution 3D model output we compute the surface pressure, temperature and the water vapour, liquid and solid water contents, enabling the dominant hydrostatic and wet delays to be calculated at specific times corresponding to the acquisition of the radar data. We can also simulate the second-order delay effects due to liquid water and ice.
Introduction
The use of satellite-borne Interferometric Synthetic Aperture Radar (InSAR) to measure ground surface motion is an established technique in space geodesy (Massonnet and Feigl, 1998) , though it does not yet have an operational, dedicated satellite. It depends on the ability to measure unambiguous phase changes in the signals returned from the ground between two radar images of the same scene viewed from almost the same position in space (Rosen et al., 2000) . Perfect knowledge of the satellites' positions and ground topography and atmospheric path, should enable the technique to measure a differential, line-of-sight (LOS) motion field to accuracies of a few millimetres. In practice, none of the above are perfectly known and the accuracy of the technique can be reduced by an order of magnitude or more as a result.
The variability of the atmospheric refractivity from the first time of image acquisition to the second in the interferometric pair of radar images is the most difficult source of error to remove (Goldstein, 1995) . There are three main components that contribute to this variability; electron density in the ionosphere, air density in the neutral atmosphere and water content in the troposphere. The ionospheric variability outside of the polar regions, apart from localized "azimthual streaks" (Mattar and Gray, 2002) , is usually of sufficiently long wavelength (hundred of kilometres) and amplitude to be treated as a simple planar gradient field at scales below 100 km. The tropospheric water vapour field, however, is highly variable at length scales below 100 km and over time scales of one hour or less, and is also strongly modulated by the surface topography (Hanssen, 2001 ). This paper addresses the effect of this variability of the atmospheric refractivity at radio wavelengths and, in particular, how to correct for it in the context of differential InSAR applied to mountainous terrain.
A number of solutions have been proposed to mitigate these effects (see Ding et al., 2008 for a review) and they mainly fall into two groups: those that rely on a statistical treatment of the radar image data, coupled with assumptions of how the various error sources behave, and those that use independent measurements and models of the atmosphere at the time of radar acquisition. Statistical methods include stacking (Sandwell and Price, 1998) , pair-wise logic (Massonnet and Feigl, 1998) , the shortbaseline method (Berardino et al., 2002) and the permanent scatterers method (Ferretti et al., 2001) . These methods are underpinned by the assumption that the ground motion signal is spatially stationary at the pixel level, whilst the atmospheric signal is not.
Independent, calibratory methods have been devised that use continuous GPS estimates of delay (Li et al., 2006) , satellite-borne radiometric measurements of water vapour content (Li et al., 2005) and forward atmospheric models of the water vapour field (Wadge et al., 2002 , Webley et al., 2004 . The forward atmospheric model approach has two big advantages: it does not require a large amount of compatible radar data to be available (as is the case with permanent scatterers), nor does it require other specific instruments to be working at the same time and place as the acquisition of the radar image (e.g. GPS). What it does require is access to one of the global numerical weather forecast analyses and a local, mesoscale adaptation of an atmospheric simulation code.
In this paper we describe the use of such a mesoscale forecast model, the Unified Model (UM), for calculating the atmospheric delay. Because the effects are especially pronounced over mountains and our motivation is to better measure the surface motion of volcanoes, we demonstrate its use on Mount Etna, Sicily, which rises 3.3 km above Sicily's east coast, bordering the Ionian Sea. The magnitude of the effect on InSAR results over Etna is well known (Tarayre and Massonnet, 1996; Delacourt et al., 1998 ; Beauducel et al., 2000) . We have used this approach on data acquired by the ASAR radar on the Envisat satellite between 2004 and 2006. In section 2 we describe the UM model set-up for Etna, termed here the Etna-UM, and how it is initialised and run. Section 3 summarises the character of the 3D atmospheric flow and its water content over Etna.
The ways in which different components of the atmosphere modulate the refractivity of radio waves and produce propagation delays within InSAR data are explored in section 4.
In section 5 we demonstrate how the interferograms are corrected.
Atmospheric Forecast Models
The practical use of forecast models of the atmosphere to correct for path delay effects experienced by InSAR was first demonstrated by Wadge et al. (2002) and Webley et al. (2004) . They used a mesoscale, non-hydrostatic model code, NH3D, with a cell size of 1.7 km over the Etna region that was initialised using the most appropriate single radiosonde profile data or individual cell data from a global numerical weather prediction forecast model. From their results they recognised the need for a higher resolution model that was able to accept a more accurate initial field and that would represent the physics of atmospheric water better, in particular phase transitions and explicit convection. Such improvements have been implemented in the system described here, employing the U.K. Met Office's Unified Model (UM), and trials of this were reported by Holley et al. (2005) and Wadge et al. (2006) . Puyssegur et al (2007) described the testing of the MM5 code in a similar way, at a resolution of 2 km, over Lebanon and Foster et al (2006) used the same code at 3 km resolution over the volcanoes of Hawaii.
The Unified Model
We use the atmospheric module of version 5.5 of the UM code (Davies, 2005; Met Office, 2004) . The UM is a non-hydrostatic, deep atmospheric, grid point model with an Arakawa-C grid in the horizontal plane and a terrain-following Charney-Philips grid in the vertical plane (typically 38 vertical levels). The main variables of interest extracted from the model are the three components of wind, potential temperature, Exner pressure, density and the contents of water vapour, liquid water and cloud ice.
Nested Mesoscale Models of the Atmosphere
The UM is run by the Met Office every six hours to produce numerical weather predictions at a global scale with a cell size of about 60 km. Other meteorological organizations run their own forecast models, such as the European Centre for Medium Range Weather Forecasting (ECMWF). The analysis versions of global models are used to initialise our local models of the atmosphere over Etna (Etna-UM). An improvement in resolution is achieved in nested stages (Fig.1) . Within the global model sits a 12 km resolution model domain with an area covering south central Europe and north Africa.
Within this is a 4 km domain covering the central Mediterranean, then a 1 km domain with sea boundaries around Sicily, and finally a 300 m model domain over Mount Etna in northeast Sicily (Fig.2) . Each model domain has a similar array size, for example the 300 m domain has about 300 by 300 cells. Increasing the spatial scale of the models in this gradual way allows the longer wavelength properties of the atmosphere in the surrounding region to be accommodated accurately. The orographic discontinuities at the domain boundaries are automatically blended to prevent any spurious vertical offsets due to different levels of height representation. We found that more than 99% of the water vapour content in each of our models occurred less than 6 km above the sea surface and 
Initialisation and Parameterisation
Two model initialisation schemes were tested; the ECMWF global atmospheric analysis (0.5˚ latitude x 0.5˚ longitude) data, and the equivalent UM analysis data produced by the Met Office. The ECMWF analysis seems to be superior to the equivalent global UM analysis in terms of the accuracy of the water vapour field around Sicily as measured against independent data. We suspect, but cannot prove, that this improvement is due to water vapour data over the Mediterranean from the Special Sensor Microwave/Imager (SSM/I) that are assimilated by the ECMWF analysis, but not by the UM analysis.
Although the initial conditions are supplied by the ECMWF data, the nested models use the UM. The preferred starting times for each forecast model are 0600 UTC for descending passes of the Envisat satellite and 1800 UTC for ascending passes. The models are run for a 6-hour period, with output after each half-hour. The SAR data are 
Nature of the Model Water Fields
The character of individual forward atmospheric models over Mount Etna has been discussed by Wadge et al. (2002) , Webley et al. (2004) and Favalli et al. (2004) . At relative low wind speeds and Froude numbers the atmosphere splits around the volcano, whilst it can also move over the volcano's summit at higher Froude number flow. Vortex development and shedding is seen in the mountain's lee together with complex downward intrusion of low water vapour masses from higher altitudes. The regional flow of the troposphere over Etna is from west to east and so the eastern, lee, slopes tend to have more complex patterns of water vapour variability and convective cloud formation than those to the west. This is compounded by the land-sea breeze effect across the eastern shore of Etna with the Ionian Sea .
More generally, it is insightful to consider the water vapour field over mountains such as Etna as having two components. The first is a vertically varying, horizontally constant component that is intersected by the orography. The content of water vapour in this component declines approximately exponentially with altitude (Foster and Bevis, 2003) .
The second is a more dynamic, horizontally perturbed component caused partly by the motion of synoptic systems with horizontal gradients and partly by the turbulent interaction between the wind and the orography. It is possible to separate these two components using knowledge of the orography. This isolates the relative contribution of the horizontally perturbed component, which cannot be adequately represented without an atmospheric modelling approach. Zhu et al. (2008) used a functional fit to the variation of water vapour data with altitude for both a MODIS water vapour field and the corresponding Etna-UM model field, separating the mean horizontal component from the total field to leave the horizontally perturbed component. Fig. 3 shows both components decomposed in this way, for the observed and model data. Power spectral analysis shows that the horizontally perturbed component has a spectral structure with a slope of -5/3, similar to GPS-derived results (Williams et al., 1998) , whilst the equivalent slope for the horizontal mean component on Etna is about -3 and is determined by the orography .
The ability of the UM to represent these two components of the water vapour field largely determines how successful this technique is in correcting for the delay. The mean horizontal component should be relatively easy to simulate provided that the initial conditions at the global scale are accurate. The horizontally perturbed component is more difficult to simulate because it depends on factors such as the local soil moisture and the generation of small convection cells.
Radio Wave Delay
The refractivity of the atmosphere through which a radar wave travels imparts a phase delay (or advance), which can vary in both space and time due to the dependence of refractivity on various atmospheric properties. A general equation for the refractivity, N, of the atmosphere can be written (Hanssen, 2001) :
where k 1 = 77.6 K kPa -1 , P is the total atmospheric pressure in hPa, T is the absolute temperature in Kelvin, k 2 = 23.3 K hPa -1 , k 3 = 3.75 x 10 5 K 2 hPa -1 , e is the partial pressure of water vapour in hPa, k 4 = -4.028 x 10 7 , n e is the electron density per cubic metre, f is the radar frequency (5.3 Ghz for the ENVISAT data used here), k 5 = 1.45 and M l is the liquid water content.
The first term on the right-hand side of equation 1 is the so-called hydrostatic term (Davis et al., 1985) that quantifies the effect of the induced dipole moment of the non-water vapour constituents of the air. The second term is the so-called wet term that quantifies the effects of both the induced and the permanent dipole moments of the water vapour molecules. The third term represents changes of refractivity in the ionosphere and the fourth term is that due to the effects of liquid water in the atmosphere. In addition there is the potential for other, mostly minor, delays from hail, snow, aerosols and volcanic ash (Solheim et al., 1999) .
The two-way radar phase delay, δ, in metres can be calculated from the refractivity variation along the radar LOS between the local ground elevation and the altitude of the top of the atmosphere by:
where θ is the radar slant angle (from zenith, between 19° and 25° for ASAR IS2 image mode data) and z is the altitude. We now show how each of the individual terms of equation (1) are calculated in terms of radar phase delay.
Hydrostatic Delay
The hydrostatic term of equation 1 can also be represented as an expression relating the zenith (vertical) hydrostatic delay (ZHD) in mm to the surface pressure (P s ) in millibars by:
where,
λ is the latitude, and H is the surface height in km above the ellipsoid (Elgered et al., 1991) . The magnitude of the ZHD is about 2.3 m.. However, the temporal variability, which is what impacts differential InSAR, varies by a small proportion of the total delay and slowly, over long spatial wavelengths. The effect is modulated by the topography, which has a vertical range of 3.3 km over Etna. The value of P s can be measured on the ground in a few places and interpolated over the whole area. A much more accurate mapping of P s is produced directly by the Etna-UM.
Wet Delay
The wet delay requires knowledge of the precipitable water vapour content (PWV) integrated along the radar path. Askne and Nordius (1987) showed that the quotient (Q) of the zenith wet delay (ZWD) to the integrated PWV:
is given by:
where ρ is the density of liquid water, R v is the specific gas constant of water vapour, equal to 461.524 J kg -1 , and T m is the mean atmospheric temperature defined by
where ρ v is the density of water vapour, T is the temperature and z is the altitude within the atmosphere.
Knowledge of T m usually comes from empirical, climatically-derived relationships (Emardson and Derks, 2000) . results that are typically more accurate by several percent relative to those using a constant value, and in extreme cases by up to fifteen percent.
Ionospheric Delay
Localised ionospheric disturbances producing phase offsets, often advances, several hundred kilometres long and a few kilometres wide are known from polar regions and sometimes elsewhere (Mattar and Gray, 2002) . However, for the Etna region the ionospheric variability in refractivity is generally smoothly varying at the hundredkilometre scale and independent of the underlying topography (Hanssen, 2001 ). Hanssen (2001 showed that for a C-band radar such as Envisat, with an appropriate mapping function, the delay or advance of phase (δ) in metres during radar propagation through the ionosphere is given by:
where a TECU (Total Electron Content Unit) is equivalent to 10 16 electrons/ m 2 . That is, there will be a delay of 15 mm for a change of one TECU along the path. We have estimated the local gradients of electron content above Etna at the time of our radar acquisitions from European-wide mapping (ionosphere.rcru.rl.ac.uk). These data show that for the descending passes (0915 UTC) the gradients are typically to the southeast, and to the southwest for the ascending passes (2046 UTC). Absolute values and gradients were quite low during the period of our study (2004) (2005) (2006) , close to the solar minimum.
Using equation 6, average delay gradients of 1.2 mm/100 km for ascending passes and 2.2 mm/100 km for descending passes can be calculated, with peaks of 3 and 6 mm/100 km respectively. The delays manifest in the interferograms will be the gradient differences between the two days. Because many of the gradients have the same orientation and sign, most of the differences will be even smaller than the values for single scenes, though a few will be larger. Overall these long-wavelength phase gradients due to the ionosphere in the Etna interferograms are one to two orders of magnitude smaller than the wet delay effect.
Liquid Water and Ice Delay
The fourth term of equation 1 relates the refractivity to the liquid water content of the atmosphere. For the small particles of suspended liquid water present in clouds, the signal delay can be approximated from the refractivity, N l , using the Clausius-Mossotti equation:
where M l is the mass of liquid water particles per unit volume, ρ l is the density of water, ε is the permittivity of water and M l /ρ l is the mass fraction of the suspended particles (Solheim et al., 1999) . Although the permittivity of water is a weak function of temperature (ranging from around 92 to 74, Solheim et al., 1999) , the refractivity is approximately proportional to the total liquid content along the LOS. As Hanssen shows (Table 6 .1, 2001) the typical liquid water contents of clouds can yield LOS delays ranging from 0.1 mm/km in stratiform clouds to about 3 mm/km in cumulo congestus and cumulo nimbus clouds. Ice clouds have even smaller delay effects (<0.1 mm/km).
However for droplets bigger than ~1mm (for example rain and hail) forward scattering processes are the dominant contribution to phase shifts, and the delay calculation would require a more involved calculation of scattering characteristics. From the 3D fields produced by the Etna-UM the integrated path values of M l are extracted for each radar LOS separately for liquid and solid water components. mode (south to north) looking to the east, and one from the descending mode (north to south) looking to the west (Fig.2) . Each interferogram was processed using precise orbit information to minimise baseline errors, and the direct effect of topographic modulation of the phase returned from the ground surface was corrected using a 10 m horizontal resolution digital elevation model.
Delay Correction

For each daytime, descending-pass radar acquisition, a corresponding water vapour image from the Medium Resolution Imaging Spectrometer (MERIS) radiometer onboard
Envisat was also acquired, where possible. Following masking of cloud-covered areas, such MERIS water vapour images gave a vertically integrated water vapour content image at a horizontal resolution of about 300 m over the Etna area. After scaling, this was compared directly to the equivalent result derived from the 3D water vapour field and used to validate the performance of the Etna-UM. Mis-matches between the two in the range of 1-2 mm PWV over Etna were demonstrated by Zhu et al. (2007) . Note that for Etna, and other non-arid areas, MERIS cannot be used to correct the PWV effects on a regular basis because cloud covers the surface for much of the time.
The output of the Etna-UM model is written to file every half hour. By default we use the output results closest to the radar acquisitions (i.e. 0900 UTC for the descending pass and 2100 UTC for the ascending pass). However, the accurate representation of any lateral atmospheric gradients in the nested mesoscale model, particularly water vapour, is dependent on the initial conditions of the global model (Webley et al., 2004) . Rapidly (Fig.6b) . This compares to a range of PWV values of about 20 mm over the volcano, resulting in phase delay variations of up to 140 mm (Fig. 6a) . For the colder 2 February 2005 case, the model predicted PSW levels in the mountains north of Etna and over the Ionian Sea to the east of over 3 mm (not shown). Over most of Etna much lower levels (<0.6 mm) were modelled. The contemporary PLW field was almost uniform at very low levels (< 0.1 mm). The combined LOS delays are generally uniformly low (< 1 mm), except just to the north of the volcano (Fig.6d) . The range in delay due to water vapour from the summit to coast is about 100 mm (Fig.6c) . It is clear therefore that in these two cases the influence of suspended liquid and solid water on the overall radar signal delay is between one and two orders of magnitude less than that due to the variable water vapour field. There were no thick cumulo-congestus or cumulonimbus clouds over Etna in these two cases, which would be expected to have a larger, localised effect.
The three-dimensional water vapour, liquid water and ice fields are projected into the radar LOS on a per-pixel basis and the PWV, PLW and PSW contents are calculated.
These values are used to calculate the two-way radar LOS delay using the equations of One intrinsic problem with this modelling approach merits discussion here. Long wavelength phase ramps in the interferogram can be caused by inadequate measurement accuracy of the satellite's orbital parameters. Orbital positional knowledge, in our case for the Envisat satellite, is insufficiently accurate (a few mm) to obviate this. Typically such phase ramps are removed empirically prior to atmospheric correction. Calculation of a best-fit planar gradient to remove the orbital errors relies on the interferogram having sufficient coherence in areas away from deformation fields, where the dominant signal is due to orbital phase gradients only. This criterion may not be satisfied in interferograms over longer intervals, or for cases where coherence is low due to snow or seasonal effects.
In these cases, there is a danger that the planar best-fit solution will be biased towards removal of shorter wavelength planar elements of the deformation or water vapour field.
It is possible that the planar component of longer wavelength water vapour gradients, for example those caused by synoptic fronts, and ionospheric phase gradients may also be removed by such a correction step. Since the water vapour gradients should be modelled by the Etna-UM, they would normally be present in the delay difference map. Thus the same feature may be removed twice, once by the orbital error correction and again by the total delay correction, resulting in a planar over-compensation error in the corrected interferogram. Without some external knowledge to distinguish the planar orbital and atmospheric gradients the simplest way to prevent such over-compensation is to perform a final planar removal step, using a least-squares fit over areas away from expected deformation signals. This has been employed here but is not shown in Fig.5 .
Magnitude of corrections
As Beauducel et al. (2000) reported, the range of delay variation due to the atmosphere over Etna is about 150 mm. Interferograms comprising summer (high water vapour) and winter (low water vapour) images can show such a range, whereas same-season pairs usually show a much smaller range of delay. Lacking an absolute independent measurement of delay, it is difficult to estimate the accuracy of the model corrections.
Contemporary MERIS radiometer measurements of PWV show agreement with the UM fields equivalent to about 15 mm rms of delay (Zhu et al., 2007) , whilst the assumed-nondeforming-area noise level is about 12 mm rms (Holley, 2009 ).
In general the UM models tend to be biased to higher delays relative to other estimates (Holley, 2009) . Unsurprisingly, the proportion of correctly assigned delay is greatest for interferograms with a large range of delay and summer-summer interferograms in which the horizontally perturbed component is dominant tend to have the least correctly assigned. One explanation for this is incorrect representation of small scale convective processes in the models. The general non-deformation rms level of noise in the 300 m resolution data is sometimes worst than that of the 1 km resolution equivalent. The spatially stochastic nature of developing convective cells at length scales below 10 km is probably the cause of this.
Correction of an interferogram
We illustrate the effects of the correction method for a single ascending-pass 
Discussion and Conclusions
Etna is a high relief (conical) volcano whose typical 'bull's-eye' pattern of deformation tends to mimic the topographic modulation of the tropospheric water vapour gradient.
Local, topographically-induced flow effects, the proximity of the ocean and the seabreeze effect on water vapour advection are additional problems for InSAR at Etna.
Many volcanoes around the world have similar circumstances, particularly the island arc volcanoes in areas such as Indonesia and the Aleutians. These could benefit from an atmospheric modelling approach such as that demonstrated here.
The sensitivity of the Etna-UM method to the initial conditions in the forecast model is reduced from earlier models (Webley et al., 2004) , but still remains a concern. This is particularly the case when there are fast-moving synoptic features such as fronts.
Relatively narrow, high gradients of water vapour are likely to be particularly poorly represented in the ECMWF's global initial field, where the model data points are about 60 km apart. The resultant UM nested model may track the dynamics of the feature but misplace it such that over the ~ 50 km domain of Etna, the model time of passage of the feature is offset from observed time (Zhu et al. 2007 ). Higher spatial resolution of global forecast models (such as the improvement of the ECMWF global analysis models to 16 km resolution, proposed for 2010) will reduce this problem. Also improved assimilation of water vapour observations, particularly from GPS measurements, into both the initial field and perhaps into the nested model will help in the future.
We conclude from our study that:
Nested mesoscale atmospheric models show promise of being able to provide useful mitigation of the atmospheric path delays experienced by InSAR.
Such models can help calculate the radar path delays due to tropospheric water vapour, the hydrostatic effect and, potentially, those due to rain and ice.
The technique is best suited to regions of high relief, high water vapour variance and specific targets (e.g. island volcanoes in humid zones).
In some conditions the Etna-UM implementation of this method is able to simulate local modifications of water vapour content by mechanisms such as land-sea breezes.
The accuracy of the modelled water vapour fields is similar to that measured by spaceborne radiometers (e.g. MERIS, 1-2 mm PWV). The model fields tend to have a positive bias.
Model results are subject to inaccuracies introduced by too coarse a representation of initial conditions (e.g. the passage of fronts), poor representation of soil moisture and ambiguity with respect to long-wavelength atmospheric gradients caused by poor orbital knowledge.
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